Low vision may be defined as any chronic form of vision impairment, not correctable by glasses or contact lenses, that adversely affects everyday function. Visual accessibility refers to factors that make an environment, device, or display usable by vision. In this article, I discuss the concept of visual accessibility with special reference to low vision. What role can vision science play in enhancing visual accessibility for people with low vision? I propose that greater efforts to embed low-vision research in real-world contexts and collaboration with other disciplines will accelerate progress. I describe examples from my current research projects on architectural accessibility and reading accessibility. (Optom Vis Sci 2014;91:696Y706) 
T he topic of this article is visual accessibility and low-vision research. Because I am a person with low vision, I have both a personal and professional interest in this topic. Low vision conveys the idea that vision has more than just the two states: sighted and blind. The term low vision was coined in the 1950s by Eleanor Faye and Gerald Fonda. They and other mid -20 th century pioneers concerned with vision impairmentVincluding William Feinbloom and George Hellinger in the U.S., and Norman Bier in the U.K.Vemphasized the importance of residual vision and the need to address functional limitations associated with low vision.
Low vision is often defined as a letter acuity less than 20/60 (6/18) or a visual field of less than 20 degrees in the better eye. Sometimes, we define low vision in more practical terms as the inability to read the newspaper at a distance of 40 cm with best refractive correction. This definition is used because most people with low vision have problems with reading. (This definition is becoming obsolete as hard-copy newspapers recede into history.) A third, more general definition of low vision is any chronic form of vision impairment not correctable by glasses or contact lenses that adversely affects everyday function.
According to the National Eye Institute, there are between 3.5 and 5 million Americans with low vision, 1 and the number is rising as our population ages. In 2013, the World Health Organization estimated that there are 285 million people worldwide with vision impairment, 39 million blind and 246 million with low vision. 2 These worldwide figures include many people in less developed countries whose impaired vision is due to uncorrected refractive errors or untreated cataracts. Low-vision research focuses primarily on the role of vision in everyday activities, with less emphasis on clinical descriptions of the eye or vision. The two major research questions are: What basic principles explain the functional limitations of people with low vision? What strategies can be adopted to ameliorate these limitations? Low-vision research has played an important role in bringing topics such as reading and driving under scrutiny in vision science.
My theme in this article is to propose that we embed low-vision research more explicitly in the real world where our findings can have a direct impact on the lives of people with low vision. I suggest that we extend our laboratory-based vision science in two ways: first, by addressing the complicated interactions among variables that affect real-world visual function, and second, by working in partnership with other disciplines to reduce the barriers to visual accessibility. Where we succeed, we will contribute to vision science by showing how vision functions in the real world, and we will find better ways to reduce barriers facing people with visual impairment. I will give examples from my current research projects on architectural accessibility and reading accessibility.
TWO APPROACHES: REHABILITATION AND ACCESSIBILITY
I begin by reviewing some general concepts that may help to shape the discussion of low vision and accessibility.
Accessibility means removing barriers to participation in all domains of society including mobility, reading, social interaction, education, employment, and recreation. Rehabilitation emphasizes a person's functional limitations and provides remedies and strategies for overcoming these limitations. To illustrate this distinction, a rehabilitation program might train people with low vision in mobility strategies for detecting low-contrast steps or obstacles, whereas accessible architecture would emphasize environmental designs to enhance the visibility of such hazards.
Rehabilitation seeks to empower people with disabilities to function effectively in the world as it is. In contrast, accessibility strives to modify the world to remove barriers and accommodate people with disabilities. Rehabilitation is often associated with a ''medical model'' that seeks to cure or ameliorate disability. Accessibility is associated with a ''social justice'' model or ''civil rights'' model that promotes accommodation of people with disabilities by human cultural institutions, systems, and products. Advocacy for accessibility has sometimes given rise to disability rights movements. For a historical review, see the work by Switzer. 3 Andrew Solomon, 4 in his influential book Far from the Tree, cogently points out that the disability rights movement stresses the richness of individual ''identity'' and experience, whereas the medical rehabilitation model stresses defect or illness (sometimes using gentler terms like syndrome or condition). The medical model wants to correct or cure or eradicate, whereas the disability rights movement wants society to accommodate, diversify, and include. Sometimes, the effort to cure or eradicate runs counter to the goal of expanding accessibility through accommodation. Advocates for accessibility may see medical research and rehabilitation as paternalistic and misdirected.
Arditi 5 has reviewed the historical roots of the field of vision rehabilitation. Initially, it emerged in the form of social services for the blind, such as special residential schools and sheltered workshops. The distinction between blindness and low vision was rarely explicit, and there was little attention to the special problems facing people with residual vision. Further contributing to the lack of focused attention were the heterogeneity of low-vision conditions and the sight-saving philosophy. This philosophy advocated protecting the eyes by minimizing the use of impaired vision.
In the mid 20 th century, a few insightful optometrists and ophthalmologists began to emphasize the importance of residual vision and the need to address functional limitations associated with low vision. In the last quarter of the 20th century, low vision emerged as a topic in vision science. Collectively, those of us with interests in low vision, in both laboratory and clinical research, have made substantial progress in understanding the functional limitations of people with visual impairment.
Although the topic of vision rehabilitation has emerged as an active discipline, accessibility issues pertaining to low vision have received less attention. Arditi 6 attributes this to the lack of a coherent voice from the community of people with low vision and the corresponding lack of consciousness raising and lobbying on their behalf. Most people with low vision have acquired their vision impairment later in life from disorders such as macular degeneration, diabetic retinopathy, and glaucoma. They tend not to identify themselves with low vision per se but consider vision loss as a consequence of aging. They are often dealing with other physical or cognitive disabilities as well. Unlike advocacy groups for the blind or deaf, there is little in the way of leadership in this group demanding accessibility.
Those of us engaged in low-vision research or related policy making face a dilemma. Where should we expend our research dollars and research effortVin finding remedies, or in enhancing accessibility? Most of us would agree that we need to do both, but the balance in dollars and effort is a topic for deliberation. The message of this article is to suggest that more research should be done to support the accessibility of people with low vision.
The concepts of ''universal design'' and ''inclusive design'' have emerged from the accessibility perspective. Universal design is the aspirational goal of designing a systemVarchitectural, electronic, mechanicalVwhose primary functions are within the capabilities of the entire population. Achieving this goal is of primary necessity for dealing with key aspects of culture such as architectural designs of public spaces.
Inclusive design is more pragmatic. Here, the goal is to extend the usability of mainstream products to the maximum fraction of the population without sacrificing functionality or commercial viability. A small fraction of the population may not be able to use the design, and their needs should be addressed with an alternative solution. For inherently visual designs, alternative nonvisual solutions may be necessary, such as VoiceOver software on the iPhone or tactile features on currency bills. Modern digital devices for reading have the potential for inclusive design because of the opportunity for personalized display options. I return to digital reading below.
Inclusive designs, broadly defined, should take into account distinct domains of capability and their interactions, such as vision, hearing, manual dexterity, and cognitive status. 7 Design considerations for these domains may not be separable or even compatible. Keep in mind that many people with low vision have other coexisting health problems. For instance, it has been reported that people with age-related macular degeneration have high rates of depressive disorder 8 and cognitive deficits. 9 In the Salisbury Eye Evaluation projectVa population-based study of 2520 individuals aged 65 to 84 yearsVabout 7% were visually impaired. 10 . Data on self-reported comorbidities were gathered from a standard list of 13 items such as arthritis, heart disease, and cancer. On average, both the visually impaired and visually normal participants reported more than two comorbidities (Gary S. Rubin, personal communication).
A traditional approach to visual accessibility has been to retrofit an existing system to accommodate people with low vision, for example, adding high-contrast strips at the top of stairs or designing third-party screen-magnifying or screen-reading software for computer access. These solutions have been extremely valuable, but, where possible, inclusive design is preferable to specialpurpose solutions. This is because such solutions are often costly, typically lag behind the evolution of mainstream developments, and sometimes stigmatize people with disabilities.
How can vision researchers contribute to enhancing visual accessibility? In the following two sections, I describe how my colleagues and I have begun addressing visual accessibility in architecture and reading.
VISUAL ACCESSIBILITY AND ARCHITECTURAL DESIGN FIGURE 1.
Photographs of an outdoor bench in bright sunlight and overcast conditions, shown with mild and severe blur. See text.
FIGURE 2.
An indoor scene, shown at four times during a summer morning, illustrating major variations in the distribution of luminance because of the change in lighting direction from the sun.
to perceive the spatial layout of key features in the environment, and to keep track of one's location and orientation in the environment. 11 Majorfactorsaffectingvisualaccessibilityincludethevisionstatusofthe pedestrian (characterized by acuity, contrast sensitivity, and field); geometrical properties of the architectural design, including landmarks, objects, and obstacles; nature and arrangement of lighting (natural and artificial); surface properties (including color, texture, and gloss); and contextual cues. Visual accessibility refers not only to the visibility of important features of the space but also to accurate perception of large-scale characteristics such as the size and shape of the space, and the distance and direction to key features within the space.
Two examples from my personal experience may serve to introduce the concept of visual accessibility. Fig. 1 shows photographs of an outdoor bench near my building on campus, one taken on a bright, sunny day and the other on an overcast day. The second and third columns show the effects of mild and severe blur,simulatinginformationlossduetomildandsevereacuityreduction.
In the sunny image (top row), the high-contrast cast shadow at the front of the bench and the dark background provided by the building shadow provide good cues for the presence of the bench. These cues are resistant to blur, but rely on the presence of directional lighting. In more uniform lighting, as in the overcast photograph (bottom row), the visibility of the bench is seriously reduced, particularly when blurred. (I can testify personally to how painful it can be to miss seeing this cement bench.)
This example also illustrates that texture cues may disappear in low vision. Fine texture details of surfaces can support depth and orientation judgments, but when spatial resolution is low (such as the severe blur here), the texture disappears; the brickwork, cement, and grass become uniform regions of color. Fig. 2 illustrates the impact of lighting direction. The figure shows an indoor scene at four times during the morning of July 21, all easy to interpret with normal vision. We are looking down a hallway in my campus building. There are glass doors to the outside on the left and an open downward staircase to the right. At 7:30 AM, there is no direct sunlight near the stairs. By 8:50 AM, there are bright patches of sunlight on the carpet and near the step down. There are strong shadow edges, potentially producing false cues to steps or obstacles. At 9:32 AM, the pattern has changed again, with the step down now in deep shadow. Finally, by 10:25 AM, the dark carpet is bounded by sun, producing a dark rectangular profile that nearly matches the stairwell aperture in shape and lightness. These are enormous lighting and pattern variations, potentially confusing for low vision, which might hide the presence of the stairs. Fig. 3 shows the same series of scenes, blurred severely to represent the information available to someone with very low acuity. The three-dimensional (3D) cues are mostly gone. The carpet and the stairwell look like similar objects. The sunlight at 8:50 and 9:32 creates a kind of abstract painting of light and dark features. Someone with severe low vision, arriving for the first 
I am working with colleagues at the University of Minnesota, University of Utah, and Indiana University on an interdisciplinary project entitled Designing Visually Accessible Spaces (http://www.cs. utah.edu/research/areas/percept/DEVA/). We are studying the problem of visual accessibility with three interdisciplinary approaches: psychophysical, computational, and engineering.
In our psychophysical studies, we have asked how environmental factors interact with an observer's vision status to determine hazard visibility. Fig. 4A shows our apparatus for studying the visibility of steps and ramps. 11 We built a 24-ft-long walkway from sections of wooden staging in a windowless classroom. Lighting is from the overhead fluorescents or artificial windows built from light boxes positioned to study directional lighting. Fig. 4B shows the five targets:
Step Up,
Step Down, Ramp Up, Ramp Down, and a Flat continuation of the walkway. In the experiments, subjects are located on the walkway, with free viewing in the direction of the target. In a trial, they make a forced-choice decision about which of the five targets is present. Between trials, the subject looks away while one of the five targets is put in position for the next trial. Visibility is measured as percent correct recognition across a block of trials.
In a series of experiments, we have examined the visibility of steps and ramps as a function of a variety of stimulus variables including viewing distance, contrast, lighting arrangement, surface texture, and subject motion. We have tested subjects with normal vision wearing blur goggles to simulate low acuity 11, 12 as well as subjects with actual low vision. 13 In most cases, the effects of stimulus variables were similar for our low-vision subjects and our normally sighted subjects with blur goggles. We have also analyzed the contrast and shape features that distinguish ramps from steps using a probabilistic cue analysis. 11 To mention one salient empirical finding: Under most viewing conditions, a step up is more visible than a step down. This is an unfortunate asymmetry given that failing to see a step down is usually more dangerous than failing to see a step up. Another finding of practical importance is that subjects recognize the targets better following locomotion; that is, they do better in recognizing the steps and ramps after walking along the walkway to the viewing location compared with stationary observation from the same location. 12 Our computational work has the goal of predicting whether architectural features will be visible to people with low vision. To do this, there are two key requirements: First, modeling must deliver photometrically and geometrically accurate renderings of 3D spaces so that the size and contrast of image features can be represented quantitatively for visual analysis. Most 3D modeling and simulation systems do not faithfully retain photometrically accurate representations of spaces. For this purpose, we have used the open-source Radiance Synthetic Imaging software package (http://radsite.lbl.gov/radiance/refer/ray.html). This software uses ray tracing to accurately represent light intensities in a 3D rendering of a space, taking into account geometrical and reflectance properties of objects and surfaces, and detailed models of the spectral distribution of light sources.
Second, modeling must also represent the impact of a low-vision observer's reduced acuity and contrast sensitivity. Following Peli's development of a filter representing the effects of the human contrast sensitivity function (CSF), 14 we have developed a blurring filter, calibrated to simulate different levels of acuity loss. To represent the effects of acuity reduction in low vision, we shifted the CSF for normal vision leftward along the spatial-frequency axis by an amount equal to the ratio of low-vision to normal clinical acuity. We used standard Fourier transform methods to produce filtered images representing the effective resolution loss for a low-vision observer. Finally, our engineering goal is to create software tools to assist architects in evaluating the visual accessibility of their designs. Fig. 6 shows the processing pipeline we have in mind for visualizations. The left panel is the scene, based on a 3D Radiance model of our step with down lighting to enhance contrast. This image is processed in two ways. The upper panel shows the acuityfiltered image. The lower panel shows depth edges in orange that could pose hazards, as identified by the computer algorithm. The visualization in the right panel uses both analyses; the green lines are labels for hazard features predicted to be visible for someone with the modeled acuity, and the red lines are labels for features predicted to be below visibility threshold. Both the blurry visualization and the red-and-green labeling could help guide an architect in selecting lighting arrangement, surface colors, or geometry to enhance visibility in the scene.
Several insights have emerged from this ongoing project. Addressing visual accessibility is a hard problem because vision science has not adequately investigated the critical features defining object visibility in the real world. The introspection of normally sighted people is not a reliable guide for predicting the problems of accessibility encountered with low vision. We need practical models of low vision capable of predicting real-world object visibility. Progress will benefit from interdisciplinary collaboration between people with expertise in vision science, low-vision rehabilitation, computer vision/graphics, and architectural design. Those of us with low vision can expedite the process by helping to identify the accessibility problems to be solved.
VISUAL ACCESSIBILITY AND READING
Reading is a marvelous cultural invention that relies on several highly tuned aspects of visual function including good acuity in central vision, the oculomotor system for guiding reading saccades, and perhaps specific cortical mechanisms such as the visual word-form area. The shapes of written symbols for reading may have been tailored to match the pattern-recognition specialization of human vision. 15, 16 Reading poses problems for almost everyone with low vision. Traditional hard-copy reading is not inclusive of people who are blind or have low vision. Cattaneo and Vecchi 17 pointed out that Marshal McLuhan, 18 in his famous essay The Gutenberg Galaxy, referred to the invention of movable type as bringing about the ''tyranny of the visual.'' This ''tyranny'' has persisted for centuries and has excluded many people with impaired vision from the literate mainstream. Because not much could be done to make print accessible, low-vision reading received little attention. Some analog solutions proved helpful, such as the development of optical magnifiers and large-print books.
The modern electronic era has softened this ''tyranny,'' first by moving text from hard copy onto video screens where it can be manipulated visually, and then into digital representations that can be customized visually or converted to auditory or tactile formats. Photographs of the Step-Up and Step-Down targets used in our psychophysical studies, with acuity-calibrated low-pass filtering to represent the visual information associated with reduced levels of acuity. The pattern of squares in the upper left of each image is a chart mounted on the rear wall used for luminance calibration.
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We define reading accessibility as rapid and effortless access to the wide variety of text formats commonly found in contemporary society.
The ongoing migration to E-reading should make possible customizable reading displays for low vision. But what role is there for vision science?
Historically, the development of metrics for acuity has gone hand in hand with an interest in visual capability for reading. Letters are dominant as optotypes on acuity charts because they are convenient for testing and because they are directly relevant to reading. The Snellen big-E chart (Fig. 7A ) has now given way to modern logMAR acuity charts, 19, 20 which yield more reliable measures of acuity. We have also learned that letter acuity tells only part of the story for reading vision. This has prompted the development of several reading-acuity charts in recent years, reviewed by Rubin, 21 including the MNREAD chart developed in my laboratory. 22, 23 There is now interest in implementing these tests on electronic displays (Fig. 7B) , in part because of the growing prominence of E-readers for both normal and low vision. This gives a whole new meaning to the Big E when it comes to reading and vision.
According to a recent publication on best practices for large print by the Council of Citizens with Low Vision International, 24 the text variables of primary importance to consumers with low vision are spacing, print size, contrast, and font style (in this order). All of these are modifiable by digital devices. Over the past 30 years, my colleagues and I, and others, have measured the impact of these and many other text variables on reading performance by people with normal and low vision. Much of this work is summarized in Legge. 25 In addition to measuring the parametric dependence of reading speed on text properties such as print size and contrast, we and others have analyzed how reading performance depends on deficits in acuity, contrast sensitivity, and field status.
26Y30
What is missing? We have not yet translated our extensive knowledge about reading and visual deficits to the customization of text for people with low vision. This gap was emphasized in a recent symposium dealing with online print accessibility conducted by the World Wide Web Consortium. 31 The symposium participants decried the lack of information on the accessibility needs of people with low vision ''I there are few resources that provide clear guidance on text customization. Additionally, most of this customization has not been well integrated in mainstream user agents (web browsers, etc.), nor is it sufficiently included in some accessibility standards and support material I'' In a cogent critique of the gap between psychophysical studies of reading and their application to low-vision e-reading, Wayne Dick, a computer scientist with low vision, wrote in a symposium paper 32 ''Clinical research has not discovered a clear map to sound policy or assistive technology for reading with low vision.''
In short, innovations in reading technology have outstripped our knowledge about low-vision reading. Rarely do eye-care specialists or visually impaired consumers have clear procedures for choosing reading technology. Some savvy individuals undoubtedly discover good solutions on their own, but vision science should provide guidelines for ''prescribing'' appropriate reading technology for those who have neither the time nor ability to sort through the options.
How might vision researchers contribute to enhancing digital reading accessibility? I will briefly describe two examples of possible approaches.
Most Web designers and others who prepare text used by people with low vision have a poor understanding of the interacting effects of acuity, physical print size, and viewing distance. Current Web accessibility checkers focus primarily on whether digital documents are formatted properly for speech-based screenreading software, and not for low-vision access.
Similar to my earlier example of visualizing 3D architectural layouts, we can use a CSF-based filter to provide an approximation to the reduced visibility of text from restricted acuity and contrast sensitivity in low vision. Fig. 8 shows samples of text in three fontsVCourier, Times New Roman, and Verdana. The filtering simulates viewing 18-point print, at 40 cm (16µ) with three steps of acuity, ranging from 20/20 (unfiltered) to 20/200.Such acuity-calibrated visualizations could be used by Web designers in evaluating text accessibility for different fonts and formats.Thistypeofsoftwarecouldalsobeusedbycliniciansandfamily members to visualize the reading challenges faced by people with low vision. Of course, such visualizations provide only an approximation to thelimitationsduetoacuityandneedempiricalvalidation.Theydonot capture other impediments to reading such as field restriction.
My next example illustrates why isolating the effects of single text properties on reading, such as print size, font, or line length, is insufficient to address reading accessibility. Instead, we need to address the interacting effects of these display variables.
Many eye-care clinicians report that their low-vision patients are now using iPads, Kindles, and other e-readers. It would be valuable to understand the eye status, reading tasks, and display configurations for which these devices are most useful.
The viability of a particular display for continuous reading may depend on the number of words that can be displayed at one time. This screen capacity in turn depends on the person's reading requirements for character size, number of characters per line, and line separation.
Suppose someone with low vision wants to use an iPhone or iPad for reading. The MNREAD test shows that she needs a print size of at least 2 degrees, and other tests indicate that she also needs at least 12 characters per line and 10 words per screen for fluent reading. 
FIGURE 8.
Text samples are rendered in three fontsVCourier, Times New Roman, and Verdana. The text has been low-pass filtered to represent the information available when reading 18-point print at a viewing distance of 40 cm with the indicated visual acuity. From your inspection, are there differences in the tolerance of the fonts to acuity reduction?
viewing distance meets the requirement of at least 12 characters per line and 10 words per screen for both fonts.
This example illustrates the interacting effects of display geometry, acuity, viewing distance, print size, and font. Currently, we only have trial and error to assist this reader in selecting and configuring a mobile device for reading.
These examples demonstrate that vision science can play a role in rational decision making in the choice of accessible e-reading devices. The process of enhancing reading accessibility will ultimately benefit from collaboration between vision scientists, eyecare clinicians, and software/display designers.
CONCLUSIONS
I close by posing three challenges for vision researchers with an interest in low vision. We can contribute to visual accessibility (1) by studying the interacting effects of variables in the real world that determine object visibility, (2) by developing more quantitative models of low-vision function, and (3) by collaborating with lowvision specialists, software and hardware developers, and experts in the design professions to solve problems of visual accessibility. 
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